Glycolaldehyde, an intermediate of the Maillard reaction, and fructose, which is mainly derived from the polyol pathway, rapidly inactivate human Cu,Znsuperoxide dismutase (SOD) at the physiological concentration. We employed this inactivation with these carbonyl compounds as a model glycation reaction to investigate whether carnosine and its related compounds could protect the enzyme from inactivation. Of eight derivatives examined, histidine, Gly-His, carnosine and Ala-His inhibited the inactivation of the enzyme by fructose ( pº0.001), and Gly-His, Ala-His, anserine, carnosine, and homocarnosine exhibited a marked protective eŠect against the inactivation by glycolaldehyde ( pº0.001). The carnosine-related compounds that showed this highly protective eŠect against the inactivation by glycolaldehyde had high reactivity with glycolaldehyde and high scavenging activity toward the hydroxyl radical as common properties. On the other hand, the carnosine-related compounds that had a protective eŠect against the inactivation by fructose showed signiˆcant hydroxyl radical-scavenging ability. These results indicate that carnosine and such related compounds as Gly-His and Ala-His are eŠective anti-glycating agents for human Cu,Zn-SOD and that the eŠective-ness is based not only on high reactivity with carbonyl compounds but also on hydroxyl radical scavenging activity.
Nonenzymatic protein glycation by glucose is a complex cascade of condensation, rearrangement, fragmentation, and oxidative modiˆcation that leads to poorly characterized heterogeneous products that are often collectively termed advanced glycation end products or AGEs. 1, 2) These very slow Maillard reactions are believed to underlie the pathogenesis of diabetes 3, 4) and possibly such neurodegenerative amyloidal diseases as Alzheimer's disease. 5, 6) Nonenzymatic glycation would normally be constantly occurring, although at a slower rate than that with diabetes, and thus may contribute to the pathology of aging. 7, 8) In vitro prepared serum proteins containing AGEs have also been shown to be toxic, immunogenic, and capable of triggering cellular injury responses after their uptake by speciˆc cellular receptors. 9, 10) Some enzymes have also been shown to be glycated in vivo. 11, 12) Among the enzymes inactivated by glycation, considerable attention has been paid to Cu,Zn-SOD. 13, 14) Cu,Zn-SOD is an anti-oxidative enzyme that converts superoxide radicals to hydrogen peroxide and oxygen. The incubation of Cu,Zn-SOD with glucose has resulted in site-speciˆc and random fragmentation following the glycation reaction. 15, 16) It has been suggested that such reactive oxygen species as the hydroxyl radical, which has been produced by Fenton's type of reaction from hydrogen peroxide and Cu 2+ released from the Cu,Zn-SOD molecule, were implicated in both steps. 16) We have recently reported that glycolaldehyde, an intermediate of the Maillard reaction, and fructose were much stronger inactivators than glucose, suggesting the possibility that those substances may be involved in the inactivation of Cu,Zn-SOD in vivo. 17) Since Cu,Zn-SOD plays an important protective role against the reactive oxygen radical, the discovery of chemical agents (anti-glycating agents) that can inhibit the deleterious glycation reaction is potentially of great therapeutic beneˆt to all pathological problems caused by glycation.
Carnosine and its related compounds such as anserine and homocarnosine are present in several mammalian tissues, including the skeletal muscle and brain, at high concentrations (up to 20 mM in humans). 18) Carnosine has been postulated to act as a buŠer to neutralize lactic acid produced in the skeletal muscle that is undergoing anaerobic glycolysis. 19) Carnosine and anserine have been shown to be e‹cient copper-chelating agents, and it has been suggested that they may play a role in copper metabolism in vivo. 20) Choi et al. have recently found that those carnosine-related compounds protected Cu,Zn-SOD from fragmentation mediated by hydro-gen peroxide. 21) Thisˆnding prompted us to examine the protective eŠect of those compounds on the inactivation by glycation.
In the present investigation, we use the inactivation of Cu,Zn-SOD by the reaction with glycolaldehyde or fructose as a model glycation system and investigate whether those compounds could protect the enzyme from inactivation.
Materials and Methods
Reagents. Recombinant human Cu,Zn-SOD (EC 1.15.1.1; 5340 U W mg) was kindly presented by Ube industries (Tokyo, Japan). The amino acid sequence of the recombinant enzyme is the same as that of the human erythrocyte enzyme, except that N terminus Ala is not acetylated. Xanthine oxidase (EC. 
Gly-L-His, imidazole, and 2-deoxyribose. L-Carnosine and 3-methyl-2-benzothiazoline hydrazone hydrochloride (MBTH) were respectively purchased from Tokyo Kasei Kogyo Co. (Tokyo, Japan) and Wako Pure Chemical Industries (Osaka, Japan). The F-kit for fructose was obtained from Boehringer Mannheim (Mannheim, Germany). All other chemicals were of the highest grade available and were used without further puriˆ-cation. All solutions were prepared with water puried by a Milli-Q system (Millipore, Tokyo, Japan).
Assay of Cu,Zn-SOD. Cu,Zn-SOD activity was assayed by the XTT method. 22) The absorbance at 470 nm was recorded with a Pharmacia Biotech Ultrospec 3000 spectrophotometer, the activity of each sample being indicated as an average of triplicate measurements.
Incubation of Cu,Zn-SOD with fructose or glycolaldehyde in the presence of a carnosine-related compound. The standard reaction mixture contained a 50 mM potassium W sodium phosphate buŠer at pH 7.4, 150 mM NaCl, 0.025z NaN3, a carbonyl compound (10 mM fructose or 2 mM glycolaldehyde), and 2 mg W ml of Cu,Zn-SOD. The carnosine-related compound was added to the reaction mixture at aˆnal concentration of 10 mM, unless otherwise mentioned. After incubating at 379 C for the indicated period of time, the reaction was stopped by freezing the mixture. Each sample was stored at "259 C until needed for use.
SDS-PAGE. SDS-PAGE was conducted in the normal way after the sample had been reduced with 5z mercaptoethanol. A 15z percent slab gel (90× 55 mm) was used, the gels being stained with 0.025z Coomassie Brilliant Blue R-250.
Determination of glycolaldehyde. The concentration of glycolaldehyde was photometrically assayed by using the reaction with MBTH as described previously.
23)
Determination of fructose. The commercially available enzyme assay kit, F-kit, was utilized for the determination of fructose. The kit determines fructose by an enzymatic, spectrophotometric method based on the use of hexokinase, phosphoglucose isomerase, glucose-6-phosphate dehydrogenase and NADP.
Determination of hydrogen peroxide. The concentration of H2O2 in purchased batches was determined by using its extinction coe‹cient of 43.6 M "1 cm "1 at 240 nm. 24 ) Standard solutions of H2O2 were then used to calibrate the assay by ferrous oxidation in xylenol orange (FOX) to determine hydroperoxide as described previously. 25) Brie‰y, 100 ml of a test sample or the H2O2 standard were mixed with 900 ml of a FOX1 reagent (composed of 250 mM ammonium ferrous sulfate, 100 mM xylenol orange and 100 mM sorbitol in 25 mM H 2 SO 4 ) and incubated for 45 min at room temperature, before reading the absorbance at 560 nm.
Hydroxyl radical-scavenging activity. The hydroxyl radical was generated by the reaction of an iron-EDTA complex with H2O2 in the presence of ascorbic acid. The generated hydroxyl radical attacked deoxyribose to form products that, upon heating with thiobarbituric acid, yielded a pink chromogen. The evaluation of hydroxyl radical-scavenging activity by this principle was carried out according to the method of Halliwell et al. 26) The reaction mixture contained, in aˆnal volume of 1.0 ml, the following reagents at theˆnal concentrations stated: deoxyribose (2.8 mM), potassium phosphate buŠer (pH 7.4, 20 mM), FeCl3 (100 mM), EDTA (104 mM), H2O2 (1 mM), ascorbate (100 mM), and a carnosine-related compound. Each reaction mixture was incubated at 379 C for 1 h. At the end of the incubation, 1 ml of 1z (w W v) thiobarbituric acid in 0.05 M NaOH and 1 ml of 2.8z (w W v) trichloroacetic acid were added, and the tube was heated at 1009 C for 15 min on a heating block. After cooling, the absorbance at 532 nm was measured. By determining the various concentrations of carnosine-related compounds, a second-order rate constant for each carnosine derivative was calculated. The reaction mixture contained (a) 2 mg W ml of Cu,Zn-SOD, 10 mM of a carnosine derivative, and 10 mM fructose, and (b) 2 mg W ml of Cu,Zn-SOD, 10 mM of a carnosine derivative and 2 mM glycolaldehyde. Each reaction mixture was incubated at 379 C for 5 days, and the residual activity was then measured. Mean±SD; n＝3. 
Results

Protective eŠect of the carnosine derivatives
The incubation of Cu,Zn-SOD with 10 mM fructose and 2 mM glycolaldehyde for 5 days at 379 C respectively lowered the activity to 54z and 26z. Under the same conditions, each carnosine-related compound was added to the enzyme solution containing fructose or glycolaldehyde, and the residual activity was determined. The incubation of each compound in the absence of a carbonyl compound did not signiˆcantly change the activity. Next, each compound was added to a mixture containing Cu,Zn-SOD and fructose ( Fig. 1(a) ). Among the eight compounds examined, histidine, carnosine, Ala-His, and Gly-His inhibited the inactivation of the enzyme ( pº0.001). In particular, Ala-His and Gly-His completely maintained the original enzyme activity. Next to these derivatives, anserine, imidazole, and homocarnosine also showed slightly higher activity than that of the control. Each compound was similarly incubated with the enzyme solution containing glycolaldehyde ( Fig. 1(b) ). Of the compounds tested, Gly-His, Ala-His, anserine, carnosine, and homocarnosine exhibited a protective eŠect against enzyme inactivation by glycolaldehyde ( pº0.001). Next to these compounds, imidazole showed a signiˆcant protective eŠect ( pº0.01). The protective eŠect of carnosine against the enzyme inactivation by glycolaldehyde was concentration-dependent. When 20 mM and 2 mM carnosine was incubated with Cu,Zn-SOD containing glycolaldehyde, the remaining activity after 5 days was respectively more than 80 z and 45z. Interestingly, histidine resulted in much less residual activity. The SDS-PAGE band pattern of the enzyme incubated with histidine and W or a carbonyl compound indicates that this phenomenon might have been associated with inhibition and acceleration of the fragmentation of the enzyme molecule (Fig. 2) . Figure 3 indicates the SDS-PAGE band Table 1 . Reaction of Carnosine and its Related Compounds with Fructose and Glycolaldehyde (a) Reaction with fructose The reaction mixture contained Cu,Zn-SOD (2 mg W ml), fructose (10 mM), and a carnosine derivative (10 mM) in a 50 mM potassium W sodium phosphate buŠer (pH 7.4) containing 150 mM NaCl and 0.025z sodium azide. Each reaction mixture was incubated at 379 C for 30 days. An aliquot was drawn after a given time, and the remaining fructose was determined by an F-kit for fructose. Since each reaction mixture indicated an almost constant reducing rate for fructose over 30 days, the remaining concentration after 30 days is expressed as a value relative to the initial concentration.
(b) Reaction with glycolaldehyde The reaction mixture contained 2 mM glycolaldehyde and 10 mM of a carnosine derivative in a 50 mM potassium W sodium phosphate buŠer (pH 7.4) containing 150 mM NaCl and 0.025z sodium azide. Each reaction mixture was incubated at 379 C. After 5 h, the remaining glycolaldehyde concentration was determined by the MBTH method. The remaining concentration is expressed as a value relative to the initial concentration (n＝4).
Added compound
pattern of Cu,Zn-SOD incubated with glycolaldehyde in the presence of some carnosine-related compounds. The carnosine derivatives that provided the best inhibiting activity against enzyme inactivation also protected the molecular structure against fragmentation by glycolaldehyde. A similar protective eŠect was observed in the SDS-PAGE band pattern of Cu,Zn-SOD incubated with fructose (data not shown). As a common structural property, the carnosine-related compounds that showed a marked protective eŠect against enzyme inactivation by glycolaldehyde had a histidine moiety in which the amino group was linked via a peptide bond.
Mechanism for the protective eŠect by carnosine derivatives Cu,Zn-SOD was inactivated by site-speciˆc and random fragmentation during incubation with fructose or glycolaldehyde, and some carnosine-related compounds inhibited this inactivation by suppressing the extent of the fragmentation. Since fragmentation is known to occur due to hydrogen peroxide formed by dismutation of the superoxide anion generated in the course of the glycation reaction, 16 ) the concentration of hydrogen peroxide formed during the incubation was determined. When each carnosine-related compound (10 mM) was incubated with glycolaldehyde (2 mM) or fructose (10 mM) for 5 days at 379 C, the concentration of hydrogen peroxide formed in each reaction mixture did not respectively exceed 15 or 10 mM. Since the level of hydrogen peroxide did not aŠect the activity of Cu,Zn-SOD, it was impossible to explain the diŠerence in the protective eŠect between the carnosine-related compounds by the formation of hydrogen peroxide during the glycation reaction.
Amino group-containing compounds can react with fructose and glycolaldehyde and thus protect Cu,Zn-SOD from modiˆcation with the carbonyl compounds as a sacriˆcial amino sink. In order to examine the relationship between the reactivity with the carbonyl compound and the protective eŠect, we determined the change in the glycolaldehyde or fructose concentration during incubation with some carnosine-related compounds. Table 1 gives the remaining amount of glycolaldehyde after each carnosinerelated compound (10 mM) was mixed with 2 mM glycolaldehyde for 5 h. The reactivity of many carnosine-related compounds with glycolaldehyde was relatively high, and with some compounds, no glycolaldehyde remained after 5 days. When the remaining amount after 5 h was compared, the lowest level was observed in the reaction with carnosine (ca. 50z), this being followed by Gly-His, anserine, Ala-His, and homocarnosine (º80z). These compounds showed their protective eŠect against the inactivation of Cu,Zn-SOD by glycolaldehyde modiˆcation. On the contrary, no protective eŠect was apparent from the compounds having lower reactivity than homocarnosine. The reactivity of fructose with the carnosine-related compounds was much lower than that of glycolaldehyde. When fructose (10 mM) was incubated with a 10 mM carnosinerelated compound, no decrease in the concentration of fructose after 5 days was apparent. Therefore, we compared the reactivity of the carnosine-related compounds with fructose by incubating a mixture containing Cu,Zn-SOD for 30 days (Table 1 ). The highest reactivity was apparent with Ala-His, for which the remaining amount of fructose was about 40z, this being followed by homocarnosine, GlyHis, and histidine. Although these carnosine-related compounds, apart from homocarnosine, had a stronger protective eŠect against the inactivation of Cu,Zn-SOD by fructose modiˆcation, the reactivity was too low to explain the protective eŠect.
As already described, the carnosine-related compounds which showed a protective eŠect against enzyme inactivation by glycolaldehyde possessed the histidine moiety as a common structural feature. This is in accordance with the structure for generating the hydroxyl radical-scavenging activity of the carnosinerelated compounds. According to the method of Halliwell et al., 26) the ability of carnosine and its related compounds to inhibit deoxyribose degradation in this system was determined, and second-order rate constants were calculated for their reactions with the hydroxyl radical. These are listed in Table 2 , with some other data for comparison. This result indicates that, compared with the known hydroxyl radical scavenger, taurine, all the examined carnosine-related compounds displayed relatively high hydroxyl radical-scavenging activity. Imidazole showed the highest scavenging activity, this being followed by anserine, carnosine, and homocarnosine. Carnosine and its related compounds (anserine, homocarnosine, Ala-His, and Gly-His) which had a strongly protective eŠect against the inactivation of SOD by glycolaldehyde can therefore be considered to have not only high reactivity with glycolaldehyde but also high scavenging activity for the hydroxyl radical as common properties. It is also apparent that the carnosine-related compounds which had hydroxyl radical-scavenging activity tended to exhibit a protective eŠect against enzyme inactivation by fructose. As shown in Table 2 , all derivatives with a second order rate constant greater than 1×10 9 M "1 s "1 exhibited a marked or slightly protective eŠect in spite of their low reactivity with fructose.
Discussion
Two kinds of carbonyl compounds, fructose and glycolaldehyde, were selected for the model glycation reaction of Cu,Zn-SOD in the present investigation. As shown in our previous paper, fructose inactivated Cu,Zn-SOD in a similar manner to glucose, the inactivation rate being about 10 times higher. 17) In addition, glycolaldehyde has shown a much higher inactivation rate than that of fructose and inactivated Cu,Zn-SOD even at a concentration lower than 1 mM. 17) Based on the rapid inactivation, we believe that the use of these two carbonyl compounds can be eŠective for developing an anti-glycating agent which can protect Cu,Zn-SOD from inactivation by glycation. Recent in vitro studies have shown that a signiˆcant level of glycolaldehyde was in fact produced by cultured cells. Anderson et al. have indicated that activated neutrophils were able to generate 0.2 mM glycolaldehyde from 0.2 mM L-serine through the myeloperoxidase-hydrogen peroxide-chloride system. 27 ) Furthermore, Robinson et al. have reported that the intracellular concentration of glycolaldehyde reached 3 mM when tracheobronchial epithelial cells of guinea pigs were exposed to nitrogen dioxide for 1 h. 28) Fructose is derived from the polyol pathway which may be a major factor in AGE formation in the lens and other tissues involved in diabetic complications, 29) and a tissue concentration as great as 12 mM has been reported. 30) Therefore, the levels of fructose (10 mM) and glycolaldehyde (2 mM) used in the present investigation can be considered to be close to the physiological levels.
Carnosine is known to possess anti-glycating activity because of its close resemblance to some glycation sites in proteins, 12) and by its ready reaction with aldehyde; in vitro, the dipeptide behaves as a sacriˆcial amino sink to spare polypeptide amino groups. 31) Hipkiss et al. have indicated, by employing ovalbumin, crystalline, bovine SOD and catalase, that carnosine reacted preferentially with malondialdehyde and other reactive aldehydes and ketones (e.g., methylglyoxal, deoxyribose and dihydroxyacetone), [31] [32] [33] and thereby protected polypeptides against in vitro aldehyde-mediated modiˆcation. The result that bovine SOD was protected by carnosine against polymer formation by a crosslinking reaction with dihydroxyacetone (10 mM) has been reported from the result of an SDS-PAGE experiment, but the change in activity was not monitored.
32) The present investigation is therefore theˆrst case describing that carnosine could protect Cu,Zn-SOD from inactivation by carbonyl compounds. Our use of not bovine but human Cu,Zn-SOD will provide more valuable information when considering its therapeutic applications.
In order to elucidate the speciˆc moiety of the carnosine molecule responsible for its protective eŠect against the inactivation of Cu,Zn-SOD by carbonyl modiˆcation, we investigated the protective eŠect of several carnosine-related compounds. As shown in Fig. 1a , among the examined compounds, histidine, carnosine, Ala-His and Gly-His signiˆcantly protected Cu,Zn-SOD from inactivation by fructose. In particular, Ala-His and Gly-His almost completely maintained the activity to the original after a 5-day incubation with 10 mM fructose. As shown in Table 1 , the reactivity of the examined carnosinerelated compounds with fructose was low, and the function as a sacriˆcial amino sink of those compounds could therefore not be expected. On the other hand, the inactivation by incubating with glycolaldehyde was inhibited in the presence of anserine, homocarnosine, carnosine, Ala-His and Gly-His, and accelerated in the presence of histidine ( Fig. 1(b) ). The fact that there was a clear diŠerence in the protective eŠect between incubating with fructose and glycolaldehyde suggests that each carnosinerelated compound protected Cu,Zn-SOD in a diŠer-ent manner. When the reactivity of each carnosine derivative with glycolaldehyde was compared, it was noted that no protective eŠect was apparent in a compound having relatively low reactivity.
The compounds which showed a signiˆcant protective eŠect against the enzyme inactivation by glycolaldehyde were all dipeptides having histidine. This structural feature is in accordance with that of the dipeptides having hydroxyl radical-scavenging ability shown by Chan et al. 10) They have indicated that carnosine and some of the related compounds such as homocarnosine and anserine had hydroxyl radical-scavenging ability. The hydroxyl radicals generated by the Fenton-like reaction with free copper released from oxidatively damaged SOD or by the peroxidative reaction of hydrogen peroxide with SOD are undoubtedly implicated in the fragmentation step of the SOD molecule, leading to inactivation. 34) As shown in Table 2 , many of the carnosine-related compounds showed hydroxyl radicalscavenging activity. Their activity was much stronger than that of taurine. It can be seen that the carnosinerelated compounds which showed a protective eŠect against the inactivation by fructose all had hydroxyl radical-scavenging activity greater than 1×10 9 M "1 s "1 in the deoxyribose assay. This result indicates that the hydroxyl radical-scavenging activity is an important factor in the protective eŠect against enzyme inactivation by fructose. It should be noted, on the other hand, that all the carnosine-related compounds which had a strong protective eŠect against enzyme inactivation by glycolaldehyde also had high hydroxyl radical-scavenging activity. This result suggests that the hydroxyl radical-scavenging activity can also be involved in the protective eŠect of those carnosine-related compounds against enzyme inactivation by glycolaldehyde. However, theˆnding that the related compounds having high hydroxyl radicalscavenging activity, e.g., imidazole and histidine, did not have a strong protective eŠect means that the eŠect by some of the carnosine-related compounds was more due to their function as a sacriˆcial amino sink. In addition to these functions, carnosine and its related compounds are known to have the ability to chelate metal ions. 35) As has been shown by Chen et al., His-containing peptides generally have a‹nity for metal ions, but the extent of the a‹nity varied with the structure.
36) The a‹nity increased with increasing the number of His residues, and the peptides containing His residues at the N terminus showed higher a‹nity than those with His residues at the C terminus. 36) Based on this information, carnosine and its related compounds such as anserine, homocarnosine, Ala-His and Gly-His, which showed a protective eŠect against enzyme inactivation by glycolaldehyde, can be expected to have the ability to chelate metal ions. However, the a‹nity may be low due to the structure in which the His residue is situated at the C terminus. According to Aruoma et al., carnosine, anserine and homocarnosine do not bind to iron ions in a way that interferes with the formation of hydroxyl radicals in the deoxyribose assay. 35) They might be able to bind Cu 2+ and prevent a Cu 2+ -dependent radical reaction, but any such binding was insu‹ciently strong to prevent the reactivity of Cu 2+ in the phenanthroline assay. 35) We therefore consider that the ability of carnosine and its related compounds to chelate metal ions could be less involved in the protective eŠect against enzyme inactivation by glycolaldehyde than their function as a sacriˆcial amino sink.
As already mentioned, the protective eŠect of carnosine and its related compounds against enzyme inactivation by fructose or glycolaldehyde can be explained by their function as a sacriˆcial amino sink and their hydroxyl radical-scavenging activity. However, the behavior of histidine against enzyme inactivation by glycolaldehyde still remains to be elucidated. Histidine signiˆcantly inactivated SOD by incubating with glycolaldehyde. This inactivation may have been caused by a reaction product of histidine with glycolaldehyde. A further investigation will be required in order to clarify this possibility.
This present investigation clearly indicates that the protective eŠect of the carnosine-related compounds against the inactivation by glycation of Cu,Zn-SOD varied greatly with the kind of carbonyl compound used in the glycation process. This result is important when one considers the therapeutic use of carnosinerelated compound as anti-glycating agents, because Cu,Zn-SOD might be glycated with many kinds of carbonyl conpounds in vivo. In order to more precisely evaluate the eŠectiveness of the carnosinerelated compounds for the protection of Cu,Zn-SOD from glycation, a further investigation will be needed by using a combination of the related compounds and more types of carbonyl compounds. We expect that carnosine, Ala-His and Gly-His which showed a signiˆcant protective eŠect against the inactivation of Cu,Zn-SOD by both glycolaldehyde and fructose may show a similar eŠect against the inactivation by other carbonyl compounds. An investigation to conrm this is now proceeding.
